INTRODUCTION
The zeroth-order resonator (ZOR) is attributed to metamaterials. It is very attractive in antenna design due to its extraordinary characteristics, such as very compact size from the infinite wavelength property [1, 2] . There are two kinds of ZORs, the epsilon-zero resonance (EZR) resonator with vertical polarization and the mu-zero resonance (MZR) resonator with horizontal polarization [3, 4] . However, there are common drawbacks for the ZOR antennas, such as very narrow band and small gain [1] [2] [3] [4] [5] . Therefore, a lot of researches were conducted to conquer these shortcomings [6] [7] [8] [9] . In [6] , a bisected structure achieved a bandwidth of 6.1% and peak gain of 1.4 dBi. In [7] , the bandwidth and gain of the electromagnetic bandgap (EBG) loaded ZOR antenna were 54.2% and −2.12 dBi, respectively. In [8] , the ZOR and first-order resonance were utilized to obtain an impedance bandwidth of 70.5% and antenna gains from 1.27 to 2.83 dBi. The interdigital capacitor and meander line short-circuited based ZOR antenna in [9] achieved a bandwidth of 15.1% and peak gain of 1.62 dBi. Though the above bandwidth enhanced researches present wide impedance bandwidth, the antennas have planar monopole-like structures and omnidirectional patterns. Therefore, the antennas are not suitable for unidirectional applications. In [10] , complementary metamaterials with elements array were loaded in a patch antenna to adjust the higher mode frequency and convert the radiation to be broadside. Good results were obtained in [10] ; however, its structure was complicated, and it was difficult to have high design efficiency.
On the other hand, microstrip antennas with broad bandwidths are highly desired. The E-shaped patches in [11] and [12] obtained bandwidths of 30.3% and 24%, respectively. The antenna sizes for [11] and [12] were 0.446λ l × 0.318λ l and 0.504λ l × 0.313λ l , respectively, where λ l is the free space wavelength of the lower edge frequencies. However, thick substrate is needed to lower the quality (Q) factor and to inspire the second mode for bandwidth enhancement. In [13] , a shorted patch with high-profile was fed by slots etched in the ground plane, then the Q factor was reduced, and a second mode was generated for bandwidth enhancement. The antenna in [13] obtained a bandwidth of 33.6% and a patch size of 0.333λ l × 0.167λ l . However, as the patch was shorted to the ground plane, the ground plane was vital to the antenna performances, and the antenna size was much larger than the patch size. Besides, back radiation would be increased owing to the slots in the ground plane. In [14] , a parasitic patch was coplanar with an L-shaped patch for compactness and broadband characteristics, and the antenna obtained a bandwidth of 6.5% and antenna size of 0.361λ l × 0.333λ l . In [15] and [16] , parasitic elements were stacked upon the driven patch, and their bandwidths were 46.9% and 7.0%, respectively, while the patch sizes for [15] and [16] were 0.522λ l × 0.522λ l and 0.327λ l × 0.270λ l , respectively. Folded patches achieved good bandwidth enhancement, such as 98.2% in [17] and 26% in [18] . The patch sizes of [17] and [18] were 0.333λ l × 0.214λ l and 0.582λ l × 0.372λ l , respectively. However, the radiation patterns in [17] and [18] were deteriorated, and some of them were even not a unidirectional pattern. Besides, the multi-layer structures in [15] [16] [17] [18] led to high profile and complicated construction.
ZORs can be collaborated with a microstrip antenna for bandwidth enhancement as discussed in [19, 20] . In [19] and [20] , EZR-MZR resonators combining both the EZR and MZR resonances [21] were used as a parasitic element to a microstrip antenna. The ZORs in [19] and [20] required shorting pins that would complicate the structure and fabricating process. The bandwidth was increased from 2.2% of the referenced microstrip antenna to 5.1% of the ZOR-based microstrip antenna in [19] ; however, the antenna size was increased by using the parasitic ZORs, and the antenna area ratio of the proposed ZOR-based microstrip antenna to the referenced microstrip antenna was approximately 1.33. Moreover, the EZR characteristic and asymmetrical structure led to oblique radiation patterns. Besides, shorting pins are required for the proposed antenna that might increase construction complexity.
In this research, microstrip antenna is loaded by novel MZR resonators for bandwidth enhancement. The MZR characteristics ensure unidirectional patterns in the whole band. As MZR resonators are very small, they are etched in the patch of a referenced microstrip antenna (RMA). Then, the resonators are coplanar with the patch for easy fabrication, and the antenna maintains compactness characteristic. It means that the proposed antenna has an identical area to the RMA. As MZR resonators generate two more resonances, the bandwidth is increased from 640 MHZ (5.31-5.95 GHz, 11.33%) of the RMA to 940 MHz (4.99-5.93 GHz, 17.22%) of the MZR loaded microstrip antenna (MZR-MA). Then, the 5.15-5.825 GHz wireless local area network (WLAN) band is covered by the antenna. Good gains of 5.12-6.61 dBi are obtained for the WLAN band. Besides, as the resonant frequencies of the MZRs are lower than the microstrip resonance, the operational band is extended to lower frequency. As the RMA and MZR-MA have identical size, the downward extended band is equivalent to size reduction. Thus, the patch size is decreased from 0.354λ l × 0.283λ l of the RMA to 0.332λ l × 0.266λ l of the MZR-MA, where λ l is the free space wavelength of the lower edge frequencies of the corresponding antennas.
ANTENNA DESIGN
An RMA was designed first as shown in Fig. 1(a) . The RMA was expected to resonate in 5-GHz band. Then, its parameters were G 1 = G 2 = 35 mm, a = 20 mm, b = 16 mm and d 0 = 14 mm. The RMA was a half-wavelength resonator antenna, and it was excited at a resonant frequency f r0 . Note that the used substrate for antenna design in this paper had a height 4 mm and relative permittivity ε r = 2.2.
As shown in Fig. 1 (b), two MZR resonators are embedded in the patch of the RMA to construct the MZR-MA. The left one is denoted as MZR1 and the right one denoted as MZR2. As MZRs are very compact and etched in the patch, the antenna size of the MZR-MA is equal to the RMA. As shown in the figure, the current flowing along the strips with width s produces inductance L 1,2 , while the voltage gradient between the strips and patches generates capacitance C 1,2 . The patch plays as ground plane for the MZRs, and then, short-end boundaries are formed to inspire resonances [4, 21] . The two MZR resonators have different sizes and resonate at different frequencies ( Then, the proposed MZR-MA antenna is the combination of three resonators, the microstrip antenna resonator, the MZR1 and the MZR2. For simplicity, the microstrip patch can be considered as a truncated half-wavelength (λ/2) microstrip line resonator. Thus, it can be considered as a parallel LC (L 0 C 0 ) resonator as shown in Fig. 1(c) . The parallel MZRs are series LC resonators (L 1 C 1 and L 2 C 2 ), and they are cascaded to the L 0 C 0 as depicted in Fig. 1(c) . Then, merging of the three resonators can lead to bandwidth enhancement. To verify the MZR feature of the embedded resonators, the constitutive parameters of resonators were retrieved by a Kramers-Kroning relationship based metamaterial parameters extraction method [22] . The extraction method required scattering characteristics of the investigated object. Then, the S parameters (S 11 , S 21 , S 22 and S 12 ) of the object should be calculated. For this purpose, a simple model (microstrip line based model) was built to imitate the operational environment of the MZR in the microstrip antenna as demonstrated in Fig. 2(a) . As shown in Fig. 2(b) , the microstrip antenna and the microstrip line have very similar current and E-field distributions. Therefore, the MZRs in the microstrip antenna (patch) and in the microstrip line have similar environments. Then, the microstrip line based model could be used to investigate the MZR effect on the microstrip antenna patch. The microstrip line model used the same substrate as the designed antennas, and two ports were set at the ends of the microstrip line. The MZR is embedded in the microstrip line. Fig. 2(c) exhibits the constitutive parameter curves of the MZR1 and the MZR2. As shown in the figure, resonances occur for both the MZR1 and MZR2 as large mutations happen for the effective permittivity (ε reff ) and effective permeability (μ reff ) curves. The resonant frequencies for the MZR1 and the MZR2 are 5.01 GHz and 5.29 GHz, respectively. For both the MZR1 and MZR2, their ε reff s are positive in the whole frequency band. On the other hand, their μ reff s obtain small negative values almost equal to 0 at the resonances. Therefore, from the described effective LC circuit in Fig. 1(b) and the extracted constitutive parameters in Fig. 2(c) , it can be judged that the embedded structures are MZR resonators.
RESULTS AND DISCUSSION
The curves of the Z-parameters of the RMA and MZR-MA are plotted in Fig. 3 . From Z-parameters curves of the RMA, only one resonance is observed at f r0 = 5.79 GHz, while the Z-parameters curves of the MZR-MA are similar to those of the RMA except that two more peaks are observed; therefore, two extra resonances are obtained for the MZR-MA. Then, the resonances of the MZR-MA are f r0 = 5.79 GHz, f r1 = 5.11 GHz and f r2 = 5.24 GHz. The extra resonances are owing to the embedded MZR resonators, and they boost the impedances of the low frequencies, which obtain impedance matching at these frequencies. As the RMA and MZR-MA have similar Z-parameters curves (except for the MZR resonances), it is implied that the MZR resonators has little impact on the performances of a microstrip antenna.
The RMA was constructed with the measured |S 11 | shown in Fig. 4(a) . The simulated |S 11 | is As the MZR resonators are embedded in the microstrip patch, their coupling should be considered [23] . Moreover, as the MZRs are electrically small, they are sensitive to structure parameters. Therefore, the field distributions of the resonances are presented, and the parametric studies of the MZR resonators (two parameters l 1 and l 2 ) are conducted. To reveal the operational mechanisms of the proposed antenna, the current and E-field distributions at the three matching poles are demonstrated in Fig. 5. Figs. 5(a), (b) and (c) plot the fields of f 1 = 5.11 GHz, f 2 = 5.23 GHz and f 0 = 5.67 GHz, respectively. As shown in Fig. 5(a) , both the current and E-fields of f 1 = 5.11 GHz are concentrated on the MZR1. Therefore, f 1 is attributed to the MZR1. Besides, the currents flowing along the strip form inductance L 1 , and the E-fields focusing on the edge between the strip and the patch generate capacitance C 1 . The fields distributions of f 2 = 5.23 GHz shown in Fig. 5(b) are similar to that in Fig.  5(a) , and they are concentrated on the MZR2. Analogously, the currents and E-fields of f 2 generate inductance L 2 and capacitance C 2 , respectively. For the fields of f 0 = 5.67 GHz shown in Fig. 5(c) , the currents are concentrated on the right and left edges of the patch, and the E-fields are concentrated on the up and down edges of the patch. Thus, f 0 is typically a microstrip antenna resonance. Moreover, as the fields of f 0 are little distribute on the MZRs, the couplings between the resonators are small. Then, by merging the resonance of the MA with the resonances of MZRs, a wideband can be achieved.
To further reveal the advantages of the proposed antenna, two parameters (l 1 and l 2 ) were studied. From the current distributions of Figs. 5(a) and (b), l 1 and l 2 are related to L 1 and L 2 , respectively. Therefore, it is expected that the resonances (matching poles) of the MZR1 and MZR2 can be tuned by adjusting l 1 and l 2 , respectively. As shown in Fig. 6(a) , the MZR1-related parameter l 1 is swept from 7 mm to 7.6 mm with a step of 0.3 mm. As l 1 increases from 7 mm to 7.3 mm and 7.6 mm, f 1 decreases from 5.11 GHz to 5.00 GHz and 4.77 GHz, while f 2 and f 0 are almost unchanged. As shown in Fig. 6(b) , the MZR2-related parameter l 2 is swept with four parameters of 6.4 mm, 6.7 mm, 7.3 mm and 7.6 mm. It is found that the variation of l 2 has little impact on f 1 and f 0 . However, f 2 increases from 5.23 GHz to 5.37 GHz as l 2 decreases from 6.7 mm to 6.4 mm, and f 2 decreases from 5.23 GHz to 5.01 GHz and 4.90 GHz with increased from 6.7 mm to 7.3 mm and 7.6 mm. Thus, it is easy to tune the resonant frequencies independently by adjusting the resonator-related parameters.
The radiation patterns were measured in a microwave anechoic chamber with the NSI2000 system as shown in Fig. 7(a) . The measured and simulated radiation patterns of f 1 , f 2 and f 0 of the MZR-MA are plotted in Figs. 7(b) , (c) and (d), respectively. Owing to the restriction of the NSI2000 system, only half space was measured in this research. However, it is enough to verify the simulated results. As shown in the figure, reasonable agreements are observed between the simulations and measurements. The discrepancies between the simulation and measurement are mainly attributed to measurement errors from the fixation of the measured antenna by the self-made test fixture. Owing to the MZR features, 
CONCLUSION
Novel MZR resonators were used to enhance the bandwidth of a microstrip antenna to serve the 5-GHz WLAN applications. It is found that, by embedding two MZR resonators, two extra resonances were generated. By merging the new resonances with the resonance of the microstrip antenna, the bandwidth can be increased from 640 MHz of the RMA to 940 MHz of the MZR-MA. Therefore, the 5.15-5.825 GHz (675 MHz) band of the WLAN is covered. Meanwhile, the patch size is decreased from 0.354λ l × 0.283λ l of the RMA to 0.332λ l × 0.266λ l of the MZR-MA. Research also found that the resonances of the proposed antenna can be independently tuned by adjusting their related parameters. The proposed antenna is a good candidate for WLAN applications. The proposed designing technique by embedding ZOR (MZR) resonators in the patch of a microstrip antenna is very effective for bandwidth enhancement and size reduction of a microstrip, and it can be easily applied to other band designs.
